Background and aims The objective of this study is to understand how soil microorganisms interact with cover crop-derived allelochemicals to suppress weed germination and growth following cover crop residue incorporation. Methods We conducted a time series experiment crossing sterilized and non-sterilized soil with four different residue treatments. We measured weed seed germination rates, radicle elongation, and disease incidence in seed germination bioassays. We also monitored cover crop-derived, isoflavone allelochemicals in these bioassays. We partitioned the total weed suppression into three sources: microbe-only inhibition, residue-only inhibition, and the microbe-residue interaction. Results Microbial activity suppressed weed germination and growth for 30 days, while cover crop-derived allelochemicals provided suppression for a limited time. There was an antagonistic interaction between microbes and allelochemicals. This interaction was strongest for water-soluble allelochemicals, while residue fractions containing intact plant tissues retained greater suppressiveness even in the presence of a live microbial community. Conclusions Microbial activity can directly suppress weed germination and growth, but microorganisms also indirectly help weeds by degrading cover crop-derived allelochemicals. As a result of these interactions, cover crop-derived weed suppression in agricultural soils shifts from an early allelochemical-dominated phase to a later phase where microbial suppression is more important.
alternative, integrated weed management systems (Liebman and Davis 2000; Liebman and Davis 2009; Wortman et al. 2013) . Cover crops can suppress weeds through resource and light competition (Liebman and Dyck 1993; Teasdale 1996) , disruption of weed life cycles (Moyer et al. 2000) , physical suppression by cover crop residues (Moore et al. 1994) , and release of phytotoxic chemicals associated with cover crop residues (Kruidhof et al. 2009; Samedani et al. 2013; Teasdale et al. 2012) . These cover crop residueassociated allelochemicals can suppress weed seed germination (Seigler 1996) , seedling establishment (Singh et al. 2003; Weston 1996) , and weed growth rates (Mirsky et al. 2011; Wardle 1995) .
The total allelochemical potential of a cover crop residue is a combination of water-soluble phytotoxins released by residues prior to decomposition, as well as the insoluble phytotoxins released by microorganisms during decomposition (Barnes and Putnam 1986; Harper and Lynch 1982) and the subsequent microbial transformation of these phytotoxins (Barnes and Putnam 1986; Inderjit 2005) . Microbes can deactivate watersoluble allelochemicals released soon after cover crop residue incorporation (Jilani et al. 2008 ), but they can also transform harmless plant-derived compounds to more toxic forms (Williamson et al. 1992) . Microbes play important roles in releasing additional allelochemicals bound up in the recalcitrant fractions of cover crop residues (Barnes et al. 1987) . These insoluble allelochemicals can constitute a significant fraction of total allelopathic potential of a cover crop residue (Harper and Lynch 1982) , so microbes may slowly release residue-derived allelochemicals, extending the longevity of a cover crop's effectiveness. Given that agricultural soils are not sterile, it is important to understand how microbial activity moderates allelochemical potential of cover crop residues (Inderjit 2005; Inderjit et al. 2005) .
In addition to their effects on allelochemicals, soilborne microbial antagonists can provide biological forms of weed suppression. Various pathogenic strains with weed control potential have been isolated from soil or infected weed seedlings (Kremer 1993) . Pathogenic infection of weeds can reduce weed germination rates and retard the growth of seedlings (Davis and Renner 2007) . Cover crop residues may enhance soil pathogen growth (Conklin et al. 2002; Mohler et al. 2012 ) and potentially encourage pathogens to attack damaged weed seedlings (Chandler and Daniell 1974; Patrick et al. 1964 ). Mohler and colleagues recently showed that unsterilized Blive^soil (i.e., with a natural microbial community) reduces seedling germination rates when cover crop residues are incorporated, and the combined effect of residues and live microorganisms is greater than the effect of either of these components alone (Mohler et al. 2012) . Exposure to cover crop-derived allelochemicals increases the density of fungal lesions on plant seedlings (Toussoun and Patrick 1963) . Furthermore, disease incidence on seedlings and the abundance of soilborne pathogens can both be increased with cover crop residue addition to soils (Conklin et al. 2002; Rothrock and Kirkpatrick 1995) . Thus, it is reasonable to suspect that disease-causing microorganisms may provide a leverage point for more effective weed suppression potential.
The dynamics of cover crop-and microorganismderived weed suppression will depend on the rate of allelochemical release, the properties of the allelochemicals, and the activities of allelochemicaldegrading and seedling-infecting microorganisms. These factors interact to create a Bwindow^of weed suppression potential. Residue-induced suppression of a sensitive plant will take place only when there is an overlap in time between the period of sensitivity of the plant and the window of the suppression potential (Kruidhof et al. 2009 ). Microbial activity may reduce the length of this window if microbe-allelochemical interactions are antagonistic, but microbial activity may extend this window if these interactions are synergistic. Here, we characterize the weed-suppressive capacity of different soluble and insoluble fractions of cover crop residues. We examine the temporal dynamics of weed suppression over time in the presence and absence of a live soil community in order to determine whether microbial activity is synergistic or antagonistic with cover crop-derived allelochemicals and in order to describe how this interaction changes over time. We hypothesize that microbial activity will be synergistic with cover crop residues because (1) microbial decomposition will release bound allelochemicals from solid residues, and (2) cover crop-derived residues will stimulate pathogen attack of germinating seedlings.
Materials and methods

Preparation of red clover residue fractions and soil treatments
For our cover crop, we selected Mammoth red clover (Trifolium pratense), a widely used legume cover crop with high allelochemical potential (Liebman and Sundberg 2006a) . We planted red clover in April 2013 at the Maxwell Trust site of the Crop Sciences Research and Education Center, Urbana, IL, in a field plot that had been maintained in a corn-soybean rotation for over 20 years. The soil at the field was a Catlin silt loam (Oxyaquic Argiudoll) with the following characteristics: 7 % sand, 68 % silt, 25 % clay, and 4.2 % soil organic carbon, pH 7.2. We harvested the aerial portions of red clover plants at the bud stage after 14 weeks of growth.
We processed the red clover shoots and leaves in order to evaluate the weed-suppressive potential of three different residue-derived fractions: (1) the water-soluble fraction, (2) the insoluble faction (i.e., bound in the Bstraw^), and (3) the fresh residue fraction (which contained both the soluble and insoluble components). The fresh residue fraction was intended to mimic additions of red clover residues in a typical Bgreen manurem anagement strategy, in which cover crop residues are mixed into soil surface layers, while the water-soluble and straw fractions were intended to allow us to identify the separate contributions of soluble and insoluble allelochemicals (Creamer et al. 1996) . Plants destined for the fresh residue treatments were stored at 4°C for no more than 1 week prior to use in the bioassays described below. The other plants were freeze-dried to facilitate the extraction of water-soluble allelochemicals. We used freeze drying because it can best preserve the original forms of isoflavones in red clover as compared to oven drying (Tsao et al. 2006) . We cut 20 g of the freeze-dried tissues into 5-cm pieces and shook them in 400 ml sterilized, deionized water for 16 h at 23°C. We used cheesecloth to recover the large pieces of residue, and then, we centrifuged (4000×g, 10 min) the liquid fraction to further remove particulate matter. We concentrated the liquid fraction, containing the readily available, water-soluble chemicals, fivefold by freezedrying the extract to a final volume of 80 ml. We stored the resulting concentrated extract at −20°C for use in the bioassays described below. The large red clover pieces recovered from the cheesecloth were redried in a freeze dryer and stored at 4°C until their use in bioassays described below. We refer to these waterextracted residues as the straw fraction, which have been leached of readily available water-soluble chemicals.
We collected soil for the bioassays in June 2013 from the same field where red clover was planted, to a depth of 10 cm. We collected bulk soil with a trowel, passed the soil through a 2 mm sieve, and stored the soil in a sealed plastic bucket at 4°C for up to 1 month before use. We divided this soil into two portions, one of which was triple-autoclaved at 120°C for 1 h to kill soil microorganisms.
Experimental design
We combined microbial treatments (live vs. sterilized soil) and red clover fractions (fresh residues, watersoluble extracts, straw fraction, and water-only controls) in a fully factorial experiment. We constructed 480 mesocosms in Magenta vessels (GA-7 vessels (77 mm×77 mm×97 mm) from Sigma-Aldrich Co. St. Louis, MO) to represent the two microbial × four residue fraction × six time point (see below) combinations (ten replicate mesocosms, each). Fresh red clover and straw fractions were completely dispersed in a plastic bag with a zipper closure and sterilized by UV light for 2 h on each side prior to addition to the mesocosms in order to control for the introduction of microorganisms present on the plant tissue (Wilson et al. 1999) . We filter-sterilized extracts through a 0.22-μ filter prior to addition to mesocosms. Because 2 % red clover was sufficient to elicit a germination response in mustard seeds (Liebman and Sundberg 2006b) and was similar to field incorporation rates of red clover (Dyck and Liebman 1995) , we added 2 % (by weight) fresh red clover residues, or the equivalent amount of potentially bioactive compounds, to each mesocosm. Each mesocosm contained 110 g of soil. Therefore, we added (110 g×2 %=) 2.2 g of fresh red clover residue cut into 5-cm pieces to all fresh residue treatment mesocosms. The freeze-drying procedure used to produce the watersoluble extract and straw residue fractions (see above) resulted in a sixfold reduction in the mass of straw residues in comparison to the fresh litter. Therefore, we added (2.2 g×6=) 13.2 g of straw residues to all straw residue treatment mesocosms. We added the equivalent amount of water-soluble extracts found in 2.2 g of fresh residue to our water-soluble extract treatment mesocosms; we had extracted 20 g of fresh residues into a final volume of 80 ml water (see above), and thus, we added (2.2 g residue×80 ml/20 g residue=) 8.8 ml of extract. Finally, we added 8.8 ml of double-distilled water to our water-only treatment mesocosms. Mesocosms were fitted with lids with a filter-covered hole to maintain sterile conditions and minimize water loss.
All mesocosms were set up on the same day, but we assayed their weed suppression potential at different times in order to understand how weed suppression changes with time after residue incorporation. We conducted these assays at days 0, 2, 4, 8, 16, and 30. At each of these time points, we randomly selected ten replicate mesocosms from each of the eight microbe × residue fraction treatments (80 mesocosms, in all) and used all of the soil in each mesocosm to conduct the bioassays described below. Mesocosms were arranged in a glasshouse according to a fully randomized design, and we rerandomized the placement of the remaining mesocosm after each assay time points.
Bioassays of germination and seedling growth
We used the seed germination bioassay technique of Dabney and colleagues (1996) , as described below, to assess the microbial and allelochemical effects on weed germination and growth at each of the six time points described above. We used IdaGold mustard (Sinapis alba L.) as a model weed because wild brassicaceae are common weeds of temperate agroecosystems (e.g., wild mustard (Sinapis arvensis) and yellow rocket (Barbarea vulgaria)). IdaGold mustard is the cultivated variety of S. alba, and it has a very high, uniform germination rate. Therefore, seed dormancy was unlikely to be a factor in our estimation of seed germination. Before the bioassay began, 10 g soil were collected into separate centrifuge tubes and stored at −20°C for analysis of soil phenolic carbon content (see below).
Each bioassay unit was constructed from a different, single mesocosm. We placed 15 mustard seeds in a line 10 cm from the top edge a double layer of 25 by 38 cm germination paper (Anchor Paper, St. Paul, MN) moistened with 20 ml of sterilized, deionized water. Then, we spread the remaining 100 g of soil from a mesocosm in a 12-cm-wide band, about 6 cm from the top edge of germination paper, to cover the line of seeds. We placed another moistened sheet of germination paper on top of the seeds and soil and rolled this entire assembly from the short edge to create a cylinder. We wrapped and sealed each cylinder in a plastic zip-lock bag to maintain soil moisture content throughout the bioassay. We incubated these bioassay units vertically (i.e., with seeds oriented Bup^in the upright cylinder) in a Conviron 125L incubator (Controlled Environments Limited, Manitoba, Canada) for 7 days with a 16 h light/8 h dark cycle (25 and 20°C, respectively).
After 7 days of incubation, we deconstructed each bioassay unit and recorded the number of germinating seeds and the radicle length of all germinated seedlings. We also recorded the number of seedlings with visible necrotic lesions on the radicle, which we considered to be infected for the purposes of this study.
Soil total phenolic extraction and measurement
Total phenolic compounds are often used as a proxy for plant-derived allelochemicals (Inderjit 1996; Ohno et al. 2000) . We estimated the phenolic content of mesocosm soils at the time that each was used to construct the bioassays (collected upon setup, as described above) using the methods of Levengood and colleagues (2010) with the following modifications. We ground soils with a mortar and pestle, and we transferred 5 g to a 50-ml centrifuge tube. We extracted soils twice with 20 ml of 25:70:5 acetonitrile/methanol/acetone for 2 h with vigorous shaking. Between extractions, we centrifuged samples (4000×g, 10 min) and retained the supernatant. We combined the supernatants and reduced the volume to approximately 2 ml with nitrogen flow and heating to 37°C. We used the Folin-Ciocalteu method (Ainsworth and Gillespie 2007) to quantify total soil phenolics from these extracts as follows. We mixed 0.1 ml of extract with 0.2 ml of 1:10 diluted FolinCiocalteu's phenol reagent and 0.8 ml of 700 nm sodium carbonate and incubated for 2 h at 23°C. We then measured absorbance at 765 nm using gallic acid standards to create a standard curve.
HPLC analysis
Isoflavones are the main allelopathic compounds in red clover (Macias et al. 2007) . We used HPLC to analyze the total soil phenolic extracts for nine main isoflavones in red clover (Krenn et al. 2002) . They are biochanin A, calycosin, daidzein, daidzin, formononetin, genistein, genistin, glycitein, and prunetin. We did not determine the extraction efficiency of our techniques in this soil. As only a single soil source was used to establish all treatments, we make the assumption that the extraction efficiency was the same in all samples, and we used HPLC to look for relative changes in isoflavone composition between treatments and over time. Samples were analyzed with Metabolomics Center's 5500 QTRAP LC/MS/MS system (AB Sciex, Foster City, CA) with a 1200 series HPLC system (Agilent Technologies, Santa Clara, CA) including a degasser, an autosampler, and a binary pump. The LC separation was performed on a Bidentate C18 100A column (2.1× 150 mm, 4 μm) (MicroSolv Technology Corp. Eatontown, NJ) with mobile phase A (0.1 % formic acid in water) and mobile phase B (0.1 % formic acid in acetonitrile). The flow rate was 0.4 ml/min. The linear gradient was as follows: 0-1 min, 90 %A; 15 min, 80 %A; 25-35 min, 67 %A; 40-42 min, 50 %A; 42.5-48 min, 90 %A. The autosampler was set at 5°C. The injection volume was 2 μL. Mass spectra were acquired in the positive mode with ion spray voltage of 5500 V. The source temperature was 450°C. The curtain gas, ion source gas 1, and ion source gas 2 were 35, 65, and 55 psi, respectively. Multiple reaction monitoring ( 
Statistical analysis
We excluded four experimental units from sterilized treatments from all analyses because seedlings showed signs of infection, indicating non-sterile conditions during the experiment. For each of the other 15-seed bioassay units, we calculated the following values: percentage of germinated seeds, mean radicle length of germinated seeds, and percentage of infected seedlings (based on the number of infected seedlings divided by the number of germinated seedlings). We used ANOVA and Tukey's honest significant difference (HSD) test to analyze main and interactive effects of microbe treatments, residue fraction treatments, and time.
We also sought to quantify the relative contribution of microbes and residues to the weed-suppressive effect at each time point in our experiment. Following the procedure of Liebman and Sundberg (Liebman and Sundberg 2006a) , we considered two different dimensions of weed suppressiveness of soils: germination inhibition (GI) and radicle elongation inhibition (RI). We compared different sets of treatments in order to partition GI and RI into three parts: microbe-only inhibition, residue-only inhibition, and the microbe-byresidue interaction. We estimated microbe-only inhibition by comparing live and sterile soil treatments in mesocosms receiving water-only additions (no residues). We estimated residue-only inhibition by comparing water-only and residue addition treatments in sterile soil (no microbes). We estimated the interaction, which represents non-additive effects due to the combination of live microbes and residues, by subtracting the microbe-only effects and residue-only effects from the total inhibition. To exemplify, the calculations for the various components of GI are as follows:
where G was the mean germination percentage for all replicated units exposed to a particular treatment (i.e., G sterile soil + water-only was mean germination in sterile soil with distilled water). Note that the first two terms in the Interaction_GI estimate the total inhibition in treatments with live microbes and residues. We calculated RI using mean radicle length in place of G in the formulas above. Values of GI and RI close to 0 indicate no effect on germination or radicle elongation. Positive values indicate inhibition (i.e., lower germination rate or shorter radicle lengths in treatments compared to controls). By looking at relative responses at each time point, we were able to remove any inherent variability due differences in seed biology and the experimental bioassay environment at the different time points, as these differences would also affect the water-only controls.
To explore overall patterns in chemical composition, we used principal components analysis ordination. We also fitted seed germination, radicle length, and days after incorporation on chemical composition ordination. All of these analyses used functions from package Bvegan^in R (Oksanen et al. 2009 ).
The importance of individual allelochemicals on germination and growth was evaluated using partial least squares regression (PLSR, also commonly known as latent structure regression (Carrascal et al. 2009 )) with a variable selection method. We used PLSR to model germination percentage or radicle length as a function of the multivariate HPLC data. Conceptually, PLSR is similar to using a principal components analysis ordination of the HPLC data to construct a set of orthogonal Blatent variables^representing variation in chemical composition; these latent variables are then used as independent variables in regressions against a response variable. However, unlike principal components analysis, the ordination in PLSR creates latent variables that maximize the covariance between the chemical composition data and the response variable (germination percentage or radicle length). We used variable importance in projection (VIP) as the variable selection method (Gosselin et al. 2010; Wold et al. 1993) . The loading of individual chemical components on the latent variables can be used as a measure of the importance of each chemical component to seed germination or seedling radicle length. Variable importance was estimated by weighting the latent variable loading of each compound by the contribution of its latent variables to weed germination or radicle length. We accumulated the weighted loading of each variable from each component and considered variable importance larger than 10 % as a selection threshold. PLSR was performed in R using function plsr() in the package Bpls^ (Mevik et al. 2007 ).
Results
Effects of cover crop residues and microbes on weed suppression
Microbe and residue fraction treatments differed significantly with respect to weed seed germination and radicle length, and the interaction was also significant (ANOVA, p value <0.01 for all comparisons). Microbes demonstrated high weed suppression potential in the absence of any residue fractions. In water-only control treatments, seed germination ( Fig. 1 ) and radicle length (Supplemental Fig. 1) were consistently reduced by about 50 % in live soil compared to sterilized soil (p value <0.05). The various residue fractions strongly reduced seed germination and seedling growth when compared to water-only controls, particularly in the early portions of the experiment (Fig. 1, S1 ). However, the presence of a live microbial community sometimes dramatically reduced the effectiveness of residue treatments. For fresh residue treatments, seed germination rates in live and sterile soil were similar for much of the experiment, but the presence of a live microbial community allowed for twice as much seed germination than sterile soil on day 30 (Fig. 1b) . For soil receiving watersoluble extracts, seed germination was significantly higher (more than 60 %) in live soil than sterilized soil on days 2 and 4; after day 16, this relationship was reversed, with sterile soil having a higher germination rate than soil with a live microbial community (Fig. 1c) . For straw residue treatments, seed germination rate was higher in sterilized soil than live soil with the exception of days 2 and 4 (Fig. 1d) . The effects of time and treatments on radicle length were generally similar to what we found for seed germination (Supplemental Fig. 1) .
The relative strengths of microbe-only suppression, residue-only suppression, and their interaction varied dynamically over time and across the different residue fractions (Fig. 2) . Microbe-only inhibition was relatively stable over time (Fig. 2) . The residue-only GI of fresh residues was consistently high over the entire experimental period. In contrast, the residue-only GI of watersoluble extracts and straw residues were high for the first 4 days of the experiment, and then, GI declined to very low levels for both of these fractions. The microbe-byresidue interaction almost always decreased the GI for all fractions (Fig. 2) . The interaction resulted in a very large reduction in GI for water-soluble extracts and live microbes in the first 2 and 4 days of the experiment. In contrast, the interaction term gradually reduced the effects of microbes and fresh residues over the course of the experiment. The temporal and treatment-level patterns of RI were generally very similar to those of GI (Supplemental Fig. 2 ), but the microbe-by-residue interaction resulted in stronger reductions to RI than GI.
Microbial disease incidence
Microbial infection of seedlings (Supplemental Fig. 3 ) was a post-germination suppressive factor. We did not find infected seedlings in sterile soil treatments, except in the case of four bioassays, which were excluded from all statistical analyses (see Materials and methods). Across all non-sterile treatments, infected seedlings were on average 27 mm shorter than uninfected seedlings (p value <0.001 by t test). We found microbial infection of seedlings in all non-sterile treatments, although the percentage of infected seedlings varied across treatments and over time (Fig. 3) . Seedlings were fully infected in live soil with distilled water, but fewer than 50 % of seedlings were infected in treatments with straw or fresh residues until day 8. By day 16, the infection rate of seedlings was higher than 80 % in all treatments.
Total phenol content and weed suppression Soil total phenols were negatively correlated with weed germination (Fig. 4) and radicle length (Supplemental Fig. 4) . The threshold phenol concentration for complete suppression of seed germination was about 20 ng per gram soil. For low concentrations of soil phenol, the presence of a live microbial community resulted in lower germination rates than sterile soil with similar phenol concentrations (Fig. 4) .
Allelochemical composition
Different fractions of residues released different kinds of phenolic compounds into the soil (Figs. 5 and 6 ). Fresh residues and water-soluble extracts contained formononetin as the single dominant compound, while straw residues released roughly equal amount of formononetin, biochainin A, and prunetin (Fig. 6) . Each of the phenolic compounds assayed here was negatively correlated to weed germination rate and radicle length. Genistin and daidzin, which are the 7-O-beta-Dglucoside derivatives of genistein and daidzein, were relatively high in soil with fresh residues and aqueous extracts. Genistein, prunetin, and biochanin A were relatively high in soil with straw residues.
The phenolic composition of all residue fractions converged over time to the water-only composition (Fig. 5b) , which contained undetectable concentrations of phenolics (Fig. 6 ). This convergence happened more quickly in the live soil than in the sterilized soil. Allelochemicals from soil with straw residues increased from day 0 to day 2, and then, they decreased more slowly than in any other treatment for the duration of the experiment.
Four chemicals were identified as potentially important weed-suppressive agents. Based on PLSR loadings, formononetin was the most potent weed-suppressive chemical in fresh residues and water-soluble extracts (Fig. 7) . Biochainin A and prunetin were the most suppressive chemicals in the straw fraction. Calycosin was also found to contribute to weed suppression in water-soluble extracts and straw residues (Fig. 7) .
Discussion
Because cover crop allelochemical effects are often transient and modified by soil microbes, it has been challenging to consistently apply cover crop-derived allelochemicals to weed control (Jilani et al. 2008; Macias et al. 2007) . Here, we have demonstrated that both red clover residues and resident soil microbial communities have high potential to inhibit germination and growth of a common agricultural weed. However, these two sources of weed suppression interact antagonistically, such that the combined effects of soil microorganisms and red clover residues were smaller than what would be expected based on their separate contributions (Fig. 2, S2 ). The relative strength of the microbe-by-residue interaction varied over time and across treatments representing different components of red clover residues. Here, we discuss the dynamics of this non-additive microbe and residue combination, calling attention to the specific microbial interactions with cover crop residues and their associated allelochemicals that shape the effectiveness of green manure as a weed control strategy.
Microbial interactions with water-soluble allelochemials
Previous work on cover crop-associated allelochemicals has focused on the water-soluble components, which can be easily extracted from plant tissue and used in laboratory-based experiments (Liebman and Sundberg 2006a; Ohno and Doolan 2001) . While our results agree with these previous studies that water-soluble extracts contain bioactivity that inhibits seed germination, we found that this bioactivity disappears very rapidly in the presence of a live microbial community (Fig. 1c) . The antagonistic microbe-by-residue interaction was sufficient to completely negate the germination suppression potential of water-soluble extracts by the second day of our experiment, and this strong, negative interaction persisted for at least 30 days (Fig. 2) . The rapid onset of a strongly antagonistic microbe-by-extract effect indicates that a focus on easily extractable chemical components of cover crop residues may overestimate their potential for weed suppression in natural settings with soil microorganisms present, and our results underscore the message of previous researchers that soil microorganisms are understudied but critically important mediators of important exterminators of allelopathic activity (Inderjit 2005; Inderjit et al. 2005 ). This antagonistic microbe-by-extract interaction may indicate microbial degradation of phytotoxic compounds. Isoflavone allelochemicals, like those under consideration here, represent a rich carbon source for rhizobacteria (e.g., Actinobacteria and alpha-and gamma-Proteobacteria) capable of dehydroxylation and fission of the C rings, and some pathogenic fungi are also capable of detoxifying these compounds (Shaw et al. 2006) . Formononetin can be rapidly degraded in soil with a lag time of approximately 24 h (Shaw and Hooker 2008) , and many microbes are capable of hydrolyzing isoflavones into less soluble, less bioactive forms (Shaw et al. 2006) . Therefore, the rapid loss of suppression in live microbe treatments is likely to be the result of rapid microbial degradation of the watersoluble components of red clover residues (Inderjit 2005; Inderjit et al. 2004 ). In line with this interpretation, we found that the profile of soil phenolic compounds in treatments with water-soluble extracts and live microbes was almost identical to that of wateronly controls by day 2 (Fig. 5b) . In addition, the concentrations of red clover isoflavones in watersoluble extract treatments were lower in the presence of live microbes than in sterilized soils (Fig. 6) . However, it is also possible that the water-soluble extracts negatively affected the soil microbial community, which we found to be naturally capable of germination suppression (Fig. 1a) . Many red clover phenols, particularly isoflavones, have antimicrobial effects (Reynolds et al. 2003) and can inhibit the growth of microbial pathogens (Daayf et al. 2012) . We note that the negative microbe-by-extract interaction exceeded the extractonly suppression of seedling growth for much of the experiment (Fig. S2) , and this means that at least a portion of the negative microbe-by-extract interaction must have come from a reduction in microbial capacity for seedling growth suppression. We also note that seedlings in water-only control treatments showed signs of infection throughout the experiment, but pathogenic attack on seedlings was low in all of the extract and residue treatments in the early portions of the experiment (Fig. 3) . This may reflect the antimicrobial nature of residue-derived chemicals, but it may also indicate that residues provided an additional resource for soil microorganisms (Blum et al. 1993) , resulting in a lower initial attack rate on emerging seedlings. Several workers have proposed that allelochemicalinduced damage to seedlings can stimulate microbial attack (Chandler and Daniell 1974; Patrick et al. 1964; Toussoun and Patrick 1963) , and Mohler and colleagues (Mohler et al. 2012 ) interpreted lower weed emergence in their live soil versus sterilized soil treatments to be the a signature of pathogenic weed suppression. In contrast to this previous work and in contrast to our hypothesis of synergistic pathogen activity, our results provide no evidence of pathogen stimulation by residues or residuederived chemicals. These discrepancies may be due to differences in microbial community composition or to methodological differences leading to different soil allelochemical concentrations. Our results indicate that microbial weed suppression was most important at the Fig. 3 Red clover residues inhibit seedling infection. Seedling infection percentage of mustard in live soil is shown for treatments exposed to water, water-soluble extracts, fresh residues, and straw residues. Infection percentage was measured by the number of infected seedlings divided by the total number of germinated seedlings in one bioassay. NA indicates that no infection data was available because no seeds germinated at these time points.
Error bars are standard errors from ten replicate analyses. Different lowercase letters were determined to be significantly different at alpha=0.05 by a Tukey's HSD test (Fig. 4, S4) , and it is possible that there is a Bsweet spot^in allelochemical concentration at which pathogen stimulation is greater than antimicrobial inhibition. Whether or not farmers can manage soils, cover crop residues, and cash crop planting around such a sweet spot is an open question, and its answer may depend on the combined influences of residue chemical composition, the method of residue incorporation, and the biological properties of the soil microbial community.
Microbial interactions with solid residue fractions
In contrast to the rapid loss of bioactivity that we found for water-soluble extracts, we found that fresh red clover residues provided prolonged suppression of weed germination, and the presence of live microorganisms did not diminish this suppression for the first 16 days of the experiment (Fig. 1b) . The combination of fresh red clover residues and a live microbial community represents our most field-relevant treatment, and so the microbe-by-residue interaction (Fig. S2) can shed light on in-field dynamics related to soil chemistry and ecology. We propose that fresh red clover residues served as a reservoir of allelochemicals throughout our experiment and that these allelochemicals were released in sufficient quantities to inhibit seed germination and seedling growth over a prolonged period of time. The phenolic profile of soil with fresh residues took 16 days to converge on the water-only controls (Fig. 5) , and the concentrations of isoflavones in the fresh residue treatment equaled or exceeded the concentrations found in the water-soluble extract treatment, even when live microbial communities were present (Fig. 6 ). We suggest that the allelochemicals in fresh residues were more protected from microbial degradation than when they were added as extracts, giving fresh red clover residues a longer lasting suppressiveness. While we used only the aerial parts of the red clover plant for our experiment, the roots of the plant would also be present in green manured systems; because these roots can also be a source of allelochemicals (Forney and Foy 1985; Inderjit et al. 2005) , they may provide additional weed suppression that what we can document here. We identified formononetin as the most important allelochemical in the fresh residue treatments (Fig. 7) , in agreement with previous work demonstrating the potency of formononetin as a plant growth inhibitor (Liu et al. 2013) . We note that formononetin was also the most important allelochemical in water-soluble extracts, and this suggests that fresh residues and watersoluble extracts have similar chemical modes of action, but the longer -lasting nature of the fresh residue effect may be due to the slow release of this chemical over time. Interestingly, the soil concentration of formononetin was higher in the fresh residue plus live microbe treatment than it was in the sterile water-soluble extract treatment on day 8 (Fig. 6) ; at this time, the fresh residue treatments (live and sterile) were highly suppressive of seed germination (Fig. 1b) , while the water- Sterilized soil Fig. 6 Isoflavone content differed between treatments and over time. Stacked bars indicate the relative concentrations of nine major isoflavone components in sterilized and live soils for treatments exposed to water, water-soluble extracts, fresh residues, and straw residues soluble extract treatments were losing suppressiveness (Fig. 1c) .
Fresh red clover residues provided almost total germination suppression on their own for the first 8 days of the experiment, leaving no room for any additional or synergistic effects of microorganisms; note that the negative interaction is essentially equal in magnitude to the microbe-only suppression for the first 8 days of the experiment (Fig. 2) . Our results agree with previous reports of potent red clover residue affects on wild mustard (Ohno and Doolan 2001) and common lambsquarters emergence (Dyck and Liebman 1994) . We found some seed germination in fresh residue treatments starting on day 16 (Fig. 1) , by which time the antagonistic microbe-by-residue interaction exceeded the microbe-only effect (Fig. 2) . We propose that between day 8 and day 16, the rate of microbial degradation of allelochemicals exceeded the rate of release from the residues, resulting in a sufficiently low bioactivity for some seeds to germinate successfully. Other research suggests that this slow degradation of residue-derived allelochemicals may provide some degree of seed toxicity over 5 weeks (Ohno and Doolan 2001) .
Some of the prolonged suppressiveness of red clover residues may have been due to the presence of relatively insoluble phytotoxic compounds in the solid portions of the residues. Phenolic compounds are found in both free and bound forms in plant tissue (Lin et al. 2000) , and many bound phenolic compounds are water insoluble and difficult to extract even with organic solvents (Tebeest et al. 1992) . We found that the addition of straw residues-which had been leached of water-soluble compounds-suppressed seed germination over a prolonged period of time (Fig. 1) , a result that is consistent with previous evidence of Bphysical^suppression by a number of different leached cover crop residues (Creamer et al. 1996) . The chemical profile in soils with straw residues was unlike that of any other treatment (Fig. 5) , including much higher concentrations of biochanin A, calycosin, and prunetin than in other treatments (Fig. 6 ) and also higher concentrations of the nonglucoside and less water-soluble (Stancanelli et al. 2007 ) isoflavones genistein, daidzein, and glycitein. Biochanin A (Shajib 2012) and daidzein (Tamura et al. 1969) can inhibit plant growth, while genistein can inhibit root absorption of nutrients (Stenlid 1961) ; the allelochemical effects of the other compounds have been poorly investigated. Since biochanin A, calycosin, and prunetin persisted in sterile soil treatments at relatively high concentrations over the course of the experiment (Fig. 6) , it may be that the~25 % suppression of seed germination found in sterilized straw residue treatments at the end of our experiment (Figs. 1 and 7) is due to these isoflavones. However, only the combination of live microbes and straw residues showed the prolonged, high rate of suppression that we found with fresh red clover residues (Fig. 1) , and we found low concentrations of most isoflavones in these treatments on days 16 and 30 (Fig. 6 ) even though weed suppression remained relatively high. We note the relatively small microbe-by-straw interaction in the latter half of our experiment (Fig. 2) , and we propose that both chemical and microbial activity were necessary for weed suppression by straw residues. Future research that focuses on microbial interactions with bound chemicals in solid residues may lead to practices that can prolong cover crop suppression of weeds beyond the residence time of water-soluble allelochemicals in soils.
Non-interactive effects
While we have focused on residue-microbe interactions here, a consideration of residue-only and microbe-only dynamics suggests that there is more to be learned through further study. For example, the residue-only suppression (Fig. 2 ) and isoflavone profiles (Fig. 6 ) changed considerably even in our sterile soil treatments, with sterile soil isoflavone profiles converging on wateronly controls and live soil profiles (Fig. 5) . We can only speculate on the reasons that allelochemical concentrations and phytotoxicity decreased in our sterile soils. It is difficult to completely sterilize soils in an autoclave (Nowak and Wronkowska 1987) . While we found no infected seedlings in 236 out of 240 sterile soil bioassays, we cannot rule out the possibility that microbial regrowth of allelochemical-degrading organisms was responsible for the loss of isoflavones and weed suppression in our sterile soils. If this is the case, it underscores just how quickly allelochemical weed suppression can disappear under the pressure of a small but growing microbial population. Another plausible explanation is that dynamics in sterile soils was caused by sorption of bioactive chemicals to clay minerals in the soils (Shaw and Hooker 2008) . A full understanding of this kinetics can provide important context and boundary conditions for green manure-based weed control.
In contrast, microbial weed suppression showed a surprising lack of dynamics. Without the addition of cover crop residues, the soil microbial community consistently suppressed seed germination (Fig. 1) and seedling growth rates (Fig. S1 ) throughout the entire experiment, and even with the addition of various residue fractions, weed suppression in live soils tended to converge on levels found in live soil + water controls (e.g., Fig. 1a ). This Bbaseline^level of microbial weed suppression may indicate that the responsible populations were resistant or non-responsive to the treatments we imposed here. If so, then future work should focus on identifying these weed-suppressive agents and characterizing ways to stimulate their activity. On the other hand, it may be the case that our soil communities were dynamic, but weed-suppressive activity was due to many functionally redundant taxa. This would imply that microbial weed suppression is an emergent property of the soil community; in this case, it will be important to understand what factors constrain this property and how it can be enhanced.
Conclusions
The dynamics of this non-additive microbe and residue combination call attention to the nature of specific microbial interactions with cover crop residues and their associated allelochemicals, and understanding these interactions may lead to improved biocontrol of weeds from these two sources. We found a negative interaction between microbial activity and cover crop-derived weed suppression, but the nature of this interaction was dynamic in time. As a result, overall weed suppression shifted over time from predominantly chemical phase to a predominantly microbial phase. Solid residues can prolong this initial phase, possibly by protecting watersoluble allelochemicals from microbial attack and by serving as a reservoir for water-soluble and waterinsoluble compounds. The loss of residue-derived suppression over time suggests that allelochemical degradation is a major role for microbes. However, we found a consistent and high potential for microbial suppression over the course of the experiment, meaning that microbes can also play beneficial roles in weed suppression. A deeper insight into microbial community composition in cover-cropped systems may lead to a better understanding of how these beneficial roles can be stimulated to help maximize weed control.
